Contact with the urticating setae from the abdomen of adult females of the neo-tropical moth Hylesia metabus gives rise to an urticating dermatitis, characterized by intense pruritus, generalized malaise and occasionally ocular lesions (lepidopterism). The setae contain a pro-inflammatory glycosylated protease homologous to other S1A serine proteases of insects. Deglycosylation with PNGase F in the presence of a buffer prepared with 40% H 2 18 O allowed the assignment of an N-glycosylation site. Five main paucimannosidic N-glycans were identified, three of which were exclusively α(1-6)-fucosylated at the proximal GlcNAc. A considerable portion of these N-glycans are anionic species sulfated on either the 4-or the 6-position of the α(1-6)-mannose residue of the core. The application of chemically and enzymatically modified variants of the toxin in an animal model in guinea pigs showed that the pro-inflammatory and immunological reactions, e.g. disseminated fibrin deposition and activation of neutrophils, are due to the presence of sulfate-linked groups and not on disulfide bonds, as demonstrated by the reduction and S-alkylation of the toxin. On the other hand, the hemorrhagic vascular lesions observed are attributed to the proteolytic activity of the toxin. Thus, N-glycan sulfation may constitute a defense mechanism against predators.
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Introduction
Lepidopterism caused by contact with the urticating abdominal setae from adult female Hylesia metabus moths is a major public health problem for human populations in the vicinity of the mangrove swamps of the Gulf of Paria and the Orinoco Delta in northeastern Venezuela; an area that spans the states of Sucre, Monagas and Delta Amacuro (Fornés and Hernández 2001) . Contact with these setae results in the injection of irritant substances into the dermal and sub-dermal layers of the skin, producing a pruriginous papuloerythematous dermatitis with discrete vesicular and vascular degeneration that appears without previous exposure known as H. metabus lepidopterism or "Caripito Itch" (Dinehart et al. 1985; PanizMondolfi et al. 2011) .
During the mating flights, copious amounts of arrow-like setae are spread in human localities causing impairment of daily activities like agricultural work, fishing, commerce and education (Rodríguez-Morales et al. 2005) . Additionally, the positive phototropism exhibited by the adult moths limits the use of artificial illumination, which is often turned off during nighttime by inhabitants of the affected regions in an effort to prevent further spreading of their setae. The adult females also cover their egg-nests with their urticating setae in order to protect them from predators and parasites. Thus, any accidental contact with the egg-nest material by humans will produce the adverse reactions previously described. All these problems occur periodically since the duration of the H. metabus life cycle is ∼105 days (Benaim-Pinto et al. 1991) .
The local reactions caused by the bite or sting from insects are in most cases associated with local redness and swelling, due to the release of histamine-like substances. Thus, the presence of histamines in the urticating setae has been postulated as mediators responsible of these Hylesia-adverse reactions (Dinehart et al. 1985) . However, unlike the long-lasting dermatitis caused by H. metabus, the effect of histamine is of short duration. In addition, studies using sensitive enzyme-linked immumosorbant assay histamine kits have failed to detect this substance (Benaim-Pinto et al. 1992; Lundberg et al. 2007 ). This evidence shows that other molecules, unrelated to histamines, must be responsible for this condition. Previous analyses of extracts from H. metabus setae by ion exchange chromatography demonstrated that most of the edemagenerating and proteolytic activity of H. metabus setae was confined to a chromatographic fraction isolated by ammonium sulfate precipitation at a saturation of 60%. SDS-PAGE analysis of this fraction showed two bands whose relative mobility corresponded to a 29 kDa (lower-band) and a 40 kDa (upper-band) protein. Importantly, the 40 kDa band stained positive for carbohydrates using the periodic acid-Schiff glycoprotein detection method (Lundberg et al. 2007) .
In view of this, it seems reasonable to assume that these two protein bands play an important role in the lepidopterism caused by exposure to H. metabus setae, either through a proteolytic activity and/ or through a reaction triggered or modulated by their N-glycans.
N-glycosyl moieties of insect cell glycoproteins differ considerably from mammalian cells. Most lepidopteran insect cell lines synthesize paucinomannosidic N-glycans due to the removal of a terminal GlcNAc residue and by addition an α(1-3) and/or α(1-6) fucose residue to the Asn-linked GlcNAc. This type of N-glycan structure has been implicated in allergic reactions caused by phospholipase A2 (PLA-2) and hyaluronidase, two of the major allergens from bee venom (Altmann et al. 1999; Marchal et al. 2001) . PLA-2 is α(1-3) fucosylated on the innermost core GlcNAc, making it an epitope recognized by the IgE from allergic patients, while hyaluronidase has an antennal GalNAc β (1-4)Fucα(1-3)GlcNAc moiety (Kubelka et al. 1994) .
Since both the genome sequence and the N-glycosylation patterns of H. metabus are unknown, the present study was aimed at obtaining sequence information of both protein bands (29 and 40 kDa) in order to assign putative biological activities based on sequence similarities to other proteins in existing databases, and also to structurally characterize their N-glycans. An animal model implemented in Cavia porcellus (guinea pigs) was used to elucidate the individual contributions of glycans and the protein parts of the glycosylated toxin in the lepidopterism caused by H. metabus.
Results and discussion
Cross-species protein identification by mass spectrometry SDS-PAGE analysis of the fraction precipitated with 60% of ammonium sulfate showed two main bands at 40 kDa (upper-band) and 29 kDa (lower-band) ( Figure 1A , lane 2) at the same molecular mass as the two the main bands observed in the SDS-PAGE analysis of the unpurified protein preparation (data not shown).
The two bands were digested in-gel with trypsin; and analyzed by electrospray ionization mass spectrometry (ESI-MS). The ESI-MS spectra were very similar suggesting the presence of the same protein (Figure 1B and C) . Ten signals, indicated with solid arrows ( Figure 1B and C), were further analyzed by ESI-MS/MS. Table I summarizes the resultant sequences and the corresponding MS/MS data are presented in Supplementary Material. Alignment of these peptide sequences using the MSBLAST (Shevchenko et al. 2001) , yielded statistically significant homologies (see Supplementary Material) mostly to insect serine proteases of the S1A subfamily (Barrett et al. 2001 ) despite the fact, that other phyla were well represented in the non-redundant sequence database (nrdb95).
The search hits included entries annotated as protein species with kallikrein-like activity. This finding is consistent with the results of Lundberg et al. (2002) regarding the enzyme activities of extracts from abdominal H. metabus setae, as well as with the major role played by kallikrein-like proteases in the clinical symptomatology triggered by contact with spicules of Euproctis sp. caterpillars (Bleumink et al. 1982) .
Additionally, this fraction is able to hydrolyze a chromogenic serine protease substrate S-2288 (data not shown) and also two model proteins, bovine serum albumin (BSA) and bovine fibrinogen (Supplementary material).
In short, both sequence alignment and biological activity tests suggest that the two protein bands (upper-and lower-) of the 60% ammonium sulfate fraction of extracts from H. metabus setae corresponds to an S1A serine protease. (A) SDS-PAGE analysis of a protein extract isolated from urticating setae of H. metabus. Samples were run in a 12% gel under reducing conditions and stained with Coomassie Blue. Lane 1: molecular weight markers. Lane 2: extract purified by 60% (NH 4 ) 2 SO 4 precipitation. Lane 3: PNGase F digestion of the sample analyzed in lane 2. ESI-MS spectra shown in (B) and (C) correspond to the tryptic digestion of the upper-and lower-bands, respectively. The signals marked with asterisks in both mass spectra correspond to polymers extracted from the plastic ware. The signals indicated with solid arrows were further analyzed by ESI-MS/MS (Supplementary Material) and the amino acid sequences are summarized in Table I analysis ( Figure 1A , lane 3) showed a band with an apparent molecular weight of 29 kDa. The upper-band (40 kDa, Figure 1A , lane 2) and the lower-band (29 kDa, Figure 1A , lane 2) observed before PNGase F treatment may, therefore, correspond to N-glycosylated and non-N-glycosylated variants of the same protein. This result is consistent with a previous observation describing that the upper-and the lower-band were stained and non-stained with periodic acid-Schiff staining, respectively (Lundberg et al. 2007 ). Unfortunately, due to the limited protein coverage afforded by the ESI-MS analysis of in-gel tryptic digests, the possibility that the lowerband arises by auto-proteolysis of the upper-band, and corresponds to a non-glycosylated segment of the polypeptide chain cannot be discarded.
Assignment of N-glycosylation sites using 18 O-labeled water and PNGase F
The ESI-MS spectra of the tryptic peptides derived from the upperband before and after treatment with PNGase F were very similar and did not allow the identification of any N-glycosylation sites (data not shown). In another attempt to reach this goal, the upperband was deglycosylated with PNGase F in the presence of a buffer prepared with 40% of H 2 18 O (v/v) (González et al. 1992) . Additionally, the deglycosylated protein was in-gel digested with lysyl endopeptidase (LEP; Wako Pure Chemical Industries, Osaka, Japan) in the presence of ammonium bicarbonate buffer prepared with Milli-Q water (Millipore, Billerica, MA, USA) in order to yield larger peptides that are more efficiently retained during the desalting step. This procedure permits a specific incorporation of 18 O at the positions of N-glycosylated Asn residues once they are transformed into 18 Opartially labeled Asp residues (Asp*). The ESI-MS spectrum of the LEP peptides was obtained ( Figure 1D ) and the isotopic ion distribution of all signals was examined. The left inset in Figure 1D shows an expanded region (m/z 608-612) with the isotopic distribution of two different peptides. The first one shows a natural isotopic distribution (m/z 608.78, 4+) while the second (m/z 609.98, 3+) has a wider isotopic ion distribution with an increased intensity of the (M+3) + component. This spectrum
showed that peptide at m/z 609.98, 3+ has been specifically labelled with 18 O during the deglycosylation procedure. Additionally, the isotopic ion distribution of the doubly charged ion of this peptide (m/z 914.44, right insets Figure 1D ) has the same characteristics.
The LEP peptide at m/z 914.44 (2+) was sequenced by ESI-MS/MS ( Figure 1E ) and its sequence (FADYPWLGALFRED*K) contains a shorter tryptic peptide (see peptide # 3, Table I , FADYPWLGALFR). All y n ions detected from y 14 to y 2 have an isotopic ion distribution similar to that shown by the y 10 ion (m/z 1331.83) indicating the incorporation of 18 O. However, the y 1 ion (m/z 147.12) typical of LEP peptides with lysine residues at the C-terminal end, showed its natural isotopic ion distribution. Taking into account that the mass difference m(y 2 )-m(y 1 ) was equal to 115.03 Da and the observed changes in their isotopic ion distribution (see left insets in Figure 1E ), we assigned this mass difference to an N-glycosylation site (Asp*) located at the penultimate position of this peptide. The mass difference between b 2 and b 3 also account for the mass of another Asp residue; however, these two N-terminal ion series have their natural isotopic ion distribution and in consequence, this Asp located at the third position from the N-terminus is a non- 18 O-labeled Asp residue.
We cannot exclude the presence of additional N-glycosylation sites because full sequence coverage of in-gel digested proteins is often difficult to achieve. These results confirmed that the upper-band contains an N-glycosylated protein with at least one assignable occupied N-glycosylation site.
NP-HPLC profiling of neutral 2-AB N-glycans isolated from the upper-band
The upper-band was deglycosylated with PNGase F in-gel, the N-glycans were labelled with 2-AB and analyzed by NP-HPLC (Guile et al. 1996) . The structural features were preliminarily assigned by comparing the experimental GU for each glycan (Figure 2A ) with values reported in GlycoBase (http://glycobase.ucd.ie). Among the 2-AB N-glycans, preliminary assigned in Figure 2A , the most abundant (GU = 5.92) was a complex glycan, exclusively α(1-6) fucosylated at the proximal GlcNAc residue.
The NP-HPLC profile obtained for the 2-AB N-glycans released by PNGase A treatment ( Figure 2B ) was very similar to that shown in Figure 2A , further suggesting the absence of α(1-3) fucosylation at the proximal GlcNAc (Kubelka et al. 1994) . The solid and empty arrows shown in Figure 2B indicate the elution position reported in Glycobase (Campbell et al. 2008) for the major neutral glycan (G0F, GU = 5.92, Figure 2A ) containing α(1-3) instead of α(1-6) fucosylation (GU = 6.28) and difucosylation α(1-3)/α(1-6) (GU = 6.72) at the proximal GlcNAc residue, respectively. The presence of paucimannosidic N-glycans, with and without core fucose, on the toxin is consistent with data from other insects (Schachter 2009 Figure 1B Peptides that were partially sequenced. confirm the absence of difucosylation α(1-3)/α(1-6) and fucosylation α(1-3) at the proximal GlcNAc. Therefore, the adverse reactions observed in humans affected by lepidopterism (Paniz-Mondolfi et al. 2011 ) cannot be associated to these structural N-glycans motifs not present in humans but known from hymenoptera venoms.
In-gel deglycosylation of the lower-band with PNGase A and PNGase F did not yield any 2-AB N-glycans by NP-HPLC analysis confirming that this band is devoid of any N-glycosylated proteins (data not shown).
MALDI-MS and MS/MS analysis of the neutral 2-AB N-glycans
The 2-AB N-glycans were analyzed by MALDI-MS in positive ( Figure 2C ) ion mode. The experimental and expected molecular masses in positive ion mode ([M+Na] + , Figure 2C ) were in good agreement for the neutral glycans tentatively assigned in Figure 2A based on respective GU indexes. The neutral 2-AB N-glycans were also analyzed by MALDI-MS/ MS in positive ion mode and the structural features assigned by NP-HPLC were confirmed: they are biantennary structures lacking galactose and exclusively α(1-6) fucosylated at the proximal GlcNAc (Supplementary Material). The structure of the major neutral glycan isolated from the upper SDS-PAGE band was identical to one (Man 3-GlcNAc 4 Fuc 1 , (G0F)) detected in a human IgG. Therefore, neutral N-glycans detected in H. metabus should not be recognized as being foreign by the human immune system.
Analysis of species with unassigned GU indexes in NP-HPLC
GU values of several fractions labeled with asterisks in Figure 2A , did not match with structures of N-glycans typically found in insects (Altmann et al. 1999 ) and were therefore further investigated.
In positive ion MALDI-MS spectrum shown in Figure 2C , several signals were found to be shifted by +102 Da with respect to the molecular masses of the neutral glycans.
The abundances of the unassigned fractions in the NP-HPLC analysis (see asterisks in Figure 2A and B) did not correlate with the intensities observed for signals shifted by +102 Da in the MALDI-MS analysis ( Figure 2C ). It suggested the presence of anionic (sulfated or phosphorylated) N-glycans in the unassigned fractions (Figure 2A ). Harvey and Bousfield (2005) reported a consistent difference in the behavior of phosphorylated and sulfated N-glycans upon MALDI-MS analysis using 2,5-dihydroxybenzoic acid (DHB) as the matrix. Sulfated N-glycans, in positive ion mode invariably ionize as the sodium salt having a unique mass increment of +102 mass units (+NaSO 3 -H) with respect to the neutral N-glycans. Meanwhile, the phosphorylated N-glycans ionize as a free acid (+80 mass units, +H 2 PO 3 -H), a monosodium salt (+102 mass units, +NaHPO 3 -H) and, with a considerably lower intensity, as a di-sodium salt (+124 mass units, +Na 2 PO 3 -H). These features have been also observed in the MALDI-MS analysis for other well-characterized sulfated and phosphorylated N-glycans (Green and Baezinger 1988; Wheeler and Harvey 2001; Hykollari et al. 2013; Kurz et al. 2013) . Thus, the MALDI-MS spectrum shown in Figure 2C is consistent with the presence of monosulfated N-glycans detected as + . In addition, this spectrum contains a low-intensity signal at m/z 1809.54 that suggests the presence of an N-glycan carrying two sulfate groups + , Figure 2C ), which was not detected in the NP-HPLC profile owing, most likely, to its low abundance (Figure 2A and B).
MALDI-MS of 2-AB N-glycans in negative-ion mode ( Figure 2D Figure 2D ). To confirm the presence of these sulfated N-glycans in the upper SDS-PAGE band; rarely seen in insects, several orthogonal techniques were applied and the results are shown below.
Weak anion exchange chromatography in combination with enzymatic and chemical treatments
The 2-AB-labeled N-glycans obtained from the upper-band were analyzed by weak anion exchange (WAX) chromatography ( Figure 3A ) and separated into three fractions: neutral and two anionic fractions having a single-negative charge (mono-Q) and a very low-abundance fraction with two-negative charges (di-Q) ( Figure 3A ).
The two major fractions separated by WAX chromatography (neutral and mono-Q, Figure 3A ) were further analyzed by NP-HPLC chromatography. The NP-HPLC analysis of the neutral fraction ( Figure 3B ) contained all 2-AB N-glycans assigned as neutral species in Figure 2A while the mono-Q fraction was composed exclusively of the unassigned anionic 2-AB N-glycans ( Figure 3C ), labeled with asterisks in Figure 2A .
Treatment of the 2-AB labeled N-glycans with calf intestinal alkaline phosphatase (CIP) did not remove the negative charge from the anionic species isolated by WAX chromatography ( Figure 3D ). However, CIP was able to convert into neutral species, a phosphorylated 2-AB N-glycan isolated from the recombinant human EPO used as a positive control in this experiment (data not shown).
These results support the conclusion that the negative charge and the +102 Da mass shift in the N-glycans ( Figure 2C ) of the upper-band cannot be caused by phosphate groups.
On the contrary, the methanolysis of 2-AB-labeled N-glycans, a hydrolytic treatment that specifically releases sulfate groups (Murakami et al. 2007) , converted most of the anionic fractions into a neutral species ( Figure 3E ). MALDI-MS in positive ion mode ( Figure 3F ) revealed that only a very low-intensity signal corresponding to the major anionic species, remained after this hydrolytic treatment of the 2-AB N-glycans (compare intensities of signal at m/z 1707 in Figures 2C  and 3F ). Signals corresponding to other sulfated 2-AB N-glycans were undetectable ( Figure 3F ). The product of the methanolysis reaction for the anionic fraction was analyzed by NP-HPLC and resembled that of the one obtained for neutral species although the sulfate groups were not removed quantitatively (Supplementary material).
High-resolution accurate mass measurement of native and TMT-derivatized N-glycans
The theoretical mass difference between sulfation (+SO 3 , 79.9568) and phosphorylation (+HPO 3 , 79.9663) is 9.5 mDa, which would require a minimum resolving power of 1,000,000 (at m/z 200) at baseline in order to separate a sulfated and phosphorylated species of 1600 Da with an Orbitrap analyzer, assuming that both species are present. However, in the present case, where only one form is suspected (sulfated N-glycans), evidence based on high mass accuracy can also be obtained at a lower resolution such as the achieved in the present work (m/Δm = 280,000 at m/z 200), if an internal standard is used. Unfortunately, the mass accuracy and the resolving power of the MALDI-MS measurements ( Figure 2C and D) did not allow a reliable differentiation between these two possibilities. The highresolution accurate mass measurements for the TMT-labeled and native N-glycans (due to incomplete reaction) are shown in Table II .
The mass errors for the neutral N-glycans were <1 ppm in almost all cases and was used as a quality control of mass accuracy of this measurement. The mass differences between the theoretical and experimental masses, considering the presence of sulfation, were at the similar range, and in all cases <1 ppm. If the presence of phosphorylation is considered, the mass errors were >5 ppm. These evidence, based on mass accuracy, also supports that anionic N-glycans are sulfated and not phosphorylated.
Permethylation analysis
A definitive way of differentiating neutral, sulfated and phosphorylated N-glycans by MS analysis is based on the molecular mass increment after the permethylation reaction (Yu et al. 2009 ). Under the same reaction conditions, the neutral N-glycans are permethylated in all positions. For phosphorylated N-glycans, the phosphate group is mono-and di-O-methylated, whereas the sulfate group is not methylated and remains as a free acid. Also using a solid-phase extraction (C18 SepPak) in combination with a simple stepwise elution protocol, a fraction enriched in permethylated sulfated N-glycans can be selectively isolated (Yu et al. 2009 ).
The fraction eluted with 25% acetonitrile/water ( Figure 4A ) contained only permethylated sulfated N-glycans. Positive ion MALDI-MS of this fraction showed a very intense signal at m/z 1923.87 that agrees very well with the expected molecular mass for the permethylated HexNAc 4 Hex 3 Fuc 1 (SO 3 Na) 1 sodium adduct (m/z 1923.85), the major sulfated species shown in Figure 2C . In addition, other monosulfated species (m/z 1749.78 and 1678.74) and a disulfated species (m/z 2011.78, see inset, Figure 4A ) were also detected in this fraction. All these sulfated species were accompanied by the spontaneous loss of −102 Da (-NaSO 3 +H) frequently observed upon MALDI-MS analysis of sulfated N-glycans (Yu et al. 2009 ).
The fraction eluted in 75% acetonitrile/water ( Figure 4B ) contains the expected permethylated neutral N-glycans at m/z 1416.73 (Hex 3-HexNAc 3 ), 1590.81 (Hex 3 HexNAc 3 Fuc 1 ), 1661.85 (Hex 3 HexNAc 4 ) and 1835.94 (Hex 3 HexNAc 4 Fuc 1 ) indicating that the reaction proceeded quantitatively. This fraction also contains the sulfated N-glycans, previously mentioned, that were distributed (Yu et al. 2009 ) within these two fractions ( Figure 4A and B).
MALDI-MS analysis of the 75% fraction ( Figure 4B ) did not revealed the presence of permethylated and mono-and di-O-methyl 
MS/MS analysis of sulfated N-glycans
An ion mobility mass spectrometer was used to obtain negative ion collision-induced dissociation (CID) spectra of all sulfated N-glycans ( Figure 5 ) and confirmed the structural features tentatively assigned by NP-HPLC (Figure 2 ). The convention used to label the fragment ions in this figure follows that proposed by Domon and Costello (1988) . The MS/MS of all N-linked glycans were interpreted as described earlier (Harvey 2005a (Harvey , 2005b (Harvey , 2005c Harvey et al. 2008 Figure 5E ) with the masses of these ions confirming that the fucose was located at the 6-position of the reducing-terminal GlcNAc residue of the glycans whose spectra are shown in Figure 5A , C and E. The prominent 0,2 A ions (loss of 101 mass units from the precursor ion) were typical of N-glycans carrying an acidic group. This group (sulfate) was located on the 6-antenna as evidenced by the D, D-18 and 0,3 A 3 ions at m/z 606, 588 and 534 in spectra shown in Figure 5A -C, and at m/z 403, 385 and 331 in Figure 5C -E. Two sets of these ions were present in Figure 5C and D reflecting the presence of isomers with a GlcNAc residue on either antenna. The ESI-MS/MS spectra of N-glycans containing a GlcNAc residue in the antennae (m/z 1541, 1395 and 1338) also have an ion at m/z 444 corresponding to the B 2 ion of sulfated GlcNAc-Man ( Figure 5A-C) . In addition, in Figure 5A and C, the C 2 ion (m/z 462) was detected. Ions at m/z 241 in all MS/MS spectra shown in Figure 5 confirmed the presence of a sulfated mannose.
The B 1 ions at m/z 202, visible in spectra Figure 5A and C, showed the presence of an unsubstituted GlcNAc residue consistent with the presence of the sulfate group on the mannose, rather than on the GlcNAc residue of the 6-antenna. Ions at m/z 262 ( 1,3 A 1 ) were again consistent with non-reducing GlcNAc residues and their presence in Figure 5C and D showed that the sulfate group could not be attached to position 3 of the mannose residue leaving only positions 4 and 6 as possible attachment sites. Unfortunately, no ions were detected to enable these substitution positions to be differentiated. An acidic N-glycan isolated from lobster hemocyanin was well characterized by NMR (van Kuik et al. 1987 ) and the position of the sulfate group was determined at position 6 of α(1-6)Man of the core.
Tandem exoglycosidase digestions combined with MALDI-MS analysis
An array of exoglycosidase digestions in combination with NP-HPLC, MALDI-MS and MS/MS was used to confirm the proposed N-glycan structures. Sialidase treatment did not change the NP-HPLC profile ( Figure 6A ) and was similar to 2-AB N-glycans released by PNGase A and F (Figure 2A and B). MALDI-MS analysis ( Figure 6B ) confirmed that neutral and anionic species remained intact after this treatment. Therefore, sialylated structures are not present in the analyzed sample.
No reaction was observed on incubation with +BTG confirming that N-glycans in H. metabus are not galactosylated (data not shown). The removal of a fucose residue was observed after sequential treatment with +ABS, +BTG and +BKF ( Figure 6C ). Bovine kidney fucosidase (BKF) does not cleave α(1-3) fucose linked to the innermost GlcNAc, confirming that fucosylation was exclusively linked α(1-6). GU indexes of the resultant species ( Figure 6C ) were very similar to the corresponding values for the non-fucosylated structures detected in the initial NP-HPLC analysis of 2-AB N-glycans (Figure 2A and B). MALDI-MS analysis showed the molecular masses of the resultant species were in agreement with those for non-fucosylated structures ( Figure 6D ) including sulfated structures. Additionally in MALDI-MS/MS analysis, all fragment ions containing the reducing end had a mass shift of −146 Da after +BKF treatment (Supplementary Material). Therefore, these data confirm that the proximal GlcNAc is exclusively α(1-6) fucosylated.
The GlcNAc residues on the antennae were also efficiently removed by N-acetyl glucosaminidase treatment ( Figure 6E ) with an observed peak shift ∼0.55 GU units per each GlcNAc residue released and only two fractions assigned to a sulfated (GU = 4.35, Figure 6E ) and a non-sulfated (GU = 4.44, Figure 6E ) Man 3 GlcNAc 2 structure were generated. MALDI-MS analysis confirmed this assignment with only two signals separated by 102 Da detected (m/z 1053 and 1155, Figure 6F ). This evidence confirms the ESI-MS/MS results ( Figure 5 ), indicating that the sulfate group is not linked to the GlcNAc residues located at the non-reducing end.
Mannosidase treatment of the products of the N-acetylglucosaminidase digestion ( Figure 6G ) generated three new species Man 1 GlcNAc 2 (GU = 2.69), (SO 3 )-Man 2 GlcNAc 2 (GU = 3.45) and Man 2 GlcNAc 2 (GU = 3.50). Man 2 GlcNAc 2 originated by the incomplete digestion of the neutral Man 3 GlcNAc 2 , present in the previous step ( Figure 6E ), probably due to the low efficiency of the Jack bean mannosidase (JBM) to release α(1-6) mannose of the core. The accumulation of the anionic structure, (SO 3 )-Man 2 GlcNAc 2 (GU = 3.45), is probably due to the inability of JBM to release the sulfated form of the α(1-6)-mannose. MALDI-MS analysis confirmed the molecular masses of all these structures (signals at m/z 729.28, 891.49 and 993.42, Figure 6H ). However, the signal at m/z 904 labeled with an asterisk ( Figure 6H ) could not be rationalized.
To demonstrate that the resistance of (SO 3 )-Man 2 GlcNAc 2 (GU = 3.45) to JBM digestion is due to the presence of a sulfate group linked to the α(1-6) Man of the core, it was desulfated by methanolysis ( Figure 6I ) then re-digested with JBM and analyzed by NP-HPLC ( Figure 6J ). After methanolysis, the intensity of fraction with GU = 3.45 ((SO 3 )-Man 2 GlcNAc 2, Figure 6G ) decreased considerably its abundance ( Figure 6I ) since it was mostly transformed into a neutral species with a GU = 3.51 (Man 2 GlcNAc 2 , Figure 6I ) leaving intact only a little portion of the initial reacting anionic species. The redigestion of the species present in Figure 6I with +JBM transformed all neutral N-glycans into a Man 1 GlcNAc 2 glycan with GU = 2.68 ( Figure 6F ) and demonstrated that (SO 3 )-Man 2 GlcNAc 2 present in Figure 6I recovered completely the full sensitivity to JBM treatment after removal of the sulfate group. The fraction with a GU = 3.44 ((SO 3 )-Man 2 GlcNAc 2 , Figure 6I ) that remained after treatment with JBM is due to incomplete removal of the sulfate group by the methanolysis ( Figure 6E ). The tandem exoglycosidase treatment of the neutral and mono-Q fraction isolated by WAX were consistent with the results described here and are also shown in Supplementary material. All the species generated by tandem exoglycosidase were also analyzed by MALDI-MS/MS and the results are summarized in Supplementary material.
Sulfation of O-glycans has been previously reported for recombinant proteins expressed in Trichoplusia ni and Spodoptera frugiperda insect cell lines (Gaunitz et al. 2013) . During the revision of this manuscript, Kurz et al. (2015) published a study describing the presence of sulfated and glucuronylated N-glycans in larval stages of two mosquito species. Those reports by Kurz et al. (2015) , together with this manuscript, unequivocally demonstrate that sulfated N-glycans are also present in insects. Whether this represents a general condition within this phylogenetic group rather than an exception, awaits a deeper and a more systematic study using specimens captured in their natural environment.
Together, these results clearly show that the N-glycans present in H. metabus toxin are partially sulfated and are mainly biantennary structures lacking galactose. The results also confirm the absence of difucosylation α(1-3)/α(1-6) and fucosylation α(1-3) at the proximal GlcNAc. 
Animal model
Animals were inoculated with either sterile saline buffer (group A, negative control), native H. metabus toxin (group B, positive control), PNGase F deglycosylated toxin (group C), free N-glycans released obtained from PNGase F digestion (group D), Helix pomatia desulfated toxin (group E) or reduced and alkylated toxin (group F). Since minute amounts of the enzymes used to generate modified variants of the toxin (groups C and E) might still be present, two additional groups containing only the H. pomatia sufatase (group G) and PNGase F (group H) were included in this experiment (Figure 7) . The effects caused by these substances in the animals were evaluated using histopathological and immunohistochemical methods. For this purpose, the leukocyte infiltration, toxin binding and tumor necrosis factor (TNF)-α expression were evaluated in the infiltrating neutrophils (Salazar et al. 2012) .
For all groups ( Figure 7B-I) , there was a significant vascular and perivascular leukocyte infiltration at the inoculation site composed mainly of neutrophils and macrophages compared with the negative control group ( Figure 7A ).
In the group receiving the native toxin ( Figure 7B ), there was also edema, massive fibrin deposition and hemorrhages. Leukocyte migration from blood vessels to the perivascular tissue indicating inflammatory activation was also observed ( Figure 7B ). Scarce hemorrhages and fibrin deposits were also evidenced in the groups receiving PNGase F deglycosylated toxin (Figure 7D ), H. pomatia desulfated toxin ( Figure 7E ) and reduced and S-alkylated toxin ( Figure 7F) .
Thus, the proteolytic activity, as evidenced by hemorrhages, was considerably diminished (although still detectable) in deglycosylated, desulfated or S-alkylated toxin. As expected for a serine protease belonging to S1A subfamily the disulfide bridges were essential for the proteolytic activity of the native toxin. These results also suggest that the N-glycans are playing an important role for maintaining an optimal proteolytic activity of the toxin, either by stabilizing its 3D structure and/or by optimizing the enzyme-substrate binding by ionic interactions, where probably the negatively charged oligosaccharides may be directly involved.
It has been shown that neutrophils play a crucial role in the activation of the blood coagulation cascade after antigens stimulation, especially by oligosaccharides, and as a consequence they may also be responsible for the observed fibrin deposition (Imamura et al. 2002; Ito 2014) . Most important, the animals inoculated with free N-glycans showed no evidence of hemorrhages while the fibrin deposits were scarce and adjacent to blood vessel and sites of neutrophil aggregation ( Figure 7C) . Thus, the tissue damage observed at the inoculation site, such as hemorrhages (most evident in group B), are most likely caused by the proteolytic activity of the toxin; while the fibrin deposition and infiltration of leukocytes may be triggered by antigen recognition and activation of the innate immune system by the sulfated N-glycans present in the native toxin.
The cellularity levels in the groups treated with H. metabus toxin (group B) or toxin derivatives (groups C, D, E and F) were all significantly elevated compared with the control group (P < 0.05) but with no significant difference when compared with each other (Figure 8) . Interestingly, the cellularity in the group inoculated with the purified N-glycans (group D, Figure 8A ) was at similar levels as the other groups.
Resident immune cells, including neutrophils, monocytes, macrophages and dendritic cells initiate their activation process by releasing cytokines (TNF-α, IL-1β, IL-8, TGF-β1), leading to the chemotactic recruitment of neutrophils and mononuclear cells into the site of inoculation, and also by increasing the blood flow and vessel permeability (Moser and Leo 2010; Timár et al. 2013 ). These events are most likely responsible for the high cellularity observed in the groups inoculated with the toxin or its derivatives (groups B, C, D, E and F, Figure 8A ). On the basis of these findings, we suggest that the sulfated N-glycans present in the H. metabus toxin are highly immunogenic and that the binding of specific glyco-epitopes present in the toxin to neutrophils causes inflammatory activation. In the groups receiving PNGase F or sulfatase only, the leukocyte composition was different, showing that other antigens were responsible for the recruitment of cells (groups G and H).
In the group receiving sulfatase only there was a marked leukocyte infiltration, with an elevated cellularity level that was statistically different from the control group (P < 0.05) and the PNGase F group (P = 0.01). However, the composition of the infiltrating cells was somewhat different, consisting mainly of mononuclear cells with scarce neutrophils and eosinophils ( Figure 7G ). Degradation of the extracellular matrix (ECM) in combination with leukocyte infiltration and aggregation was evident in this group ( Figure 7G, insert) . The degradation of the ECM following treatment with H. metabus toxin (group B) has been reported previously (Lundberg et al. 2007; Salazar et al. 2012 ). However, in this case, the degradation was only limited to areas surrounding the activated neutrophils and macrophages. Activated mononuclear cells in the absence of hemorrhages or fibrin deposition were observed in both groups (G and H). In the group receiving PNGase F only (group H), the cellularity level was significantly lower than the sulfatase group and significantly lower than the groups treated with toxin derivatives or N-glycans (groups B, C, D, E and F), while showing no significant difference compared with the control group (P < 0.05; Figure 8A ). In contrast to the sulfatasetreated group, mononuclear cells and scarce neutrophils were observed ( Figure 8A group H, Figure 7I , insert). In this group, scarce zones of ECM degradation ( Figure 7I ), evidenced by a lighterthan-background color of the matrix was observed ( Figure 7G and H, asterisk). It has been shown that H. pomatia sulfatase promotes the degradation of heparan sulfate (HS), an important component of extracellular matrix, giving rise to immunological responses mediated by neutrophils. In consequence, partial degradation of HS may cause a significant increase in neutrophil binding, tissue permeability and inflammatory activity (Campo et al. 2011; Piwowarski et al. 2011; Simon-Davis and Parish 2013; Morris et al. 2015) . Thus, the effect of sulfatase in group G would be an amplified response caused by ECM degradation.
The fact that extensive ECM degradation was not observed in the animals receiving H. pomatia desulfated toxin (group G) and PNGase F deglycosylated toxin (group H) indicates that these enzymes were probably inactivated by the S1A type serine protease activity of the H. metabus toxin during the long incubation periods used to obtain the N-deglycosylated or desulfated toxin variants.
In order to measure the toxin internalized by neutrophils, the fluorescence intensity (integrated optical density, IOD) using the antiHylesia toxin antibody was determined in each experimental group (B, C, D, E and F, Figure 8B ). The results showed that in all these groups there was statistically significant differences with respect to the negative control (group A, P < 0.05), while the groups C and E did not show any statistically significant differences (P > 0.05).
The IOD levels for TNF-α and toxin in neutrophils showed a similar pattern as in the treated-toxin groups (groups B, C, D, E and F). Importantly, the neutrophils stimulated with N-glycans (group D) presented the highest levels of TNF-α IOD ( Figure 8B ). These data show that the pool of N-glycans is the main structural feature of the native toxin responsible for neutrophil activation taking into account the key role played by a pro-inflammatory cytokine such as TNF-α, and also that the binding of specific glyco-epitopes present in the sulfated N-glycans is sufficient for activation (group D, P < 0.05, Figure 8B ).
As we pointed out previously, the structures of neutral N-glycans present in the toxin of H. metabus are very similar to G0F N-glycans present in human IgG. Therefore, they should not represent a warning signal for the immune system. On the other hand, the neutral N-glycans once sulfated may turn a common structural motif into a unique glyco-epitope that in principle would be responsible for the adverse effects observed in this animal model.
In the group inoculated with desulfated toxin (group E, Figure 8B ), there was a significant drop in the TNF-α expression of the neutrophils compared with the native toxin. However, the TNF-α levels were still statistically significant compared with the negative control group (P < 0.05), suggesting that sulfation of N-glycans plays an important role in the activation of the inflammatory response and also as a defense mechanism by fending off intruders and predators during mating flights and egg hatching.
The deglycosylation with PNGase F lowered the binding of toxin (group C), although it was sufficient for inducing the TNF-α expression when compared with the control group (P < 0.05). This finding shows that the N-glycans have an important role in the binding of toxin to activated neutrophils, and at the same time that other structural features still present in the N-deglycosylated toxin are responsible for this residual activity.
The reduction and S-alkylation (group F) did not diminish the toxin binding (P < 0.05) nor the expression of TNF-α (P < 0.05) ( Figure 8B ), indicating that the proteolytic activity of this toxin is not required for the triggering of an inflammatory response.
The neutrophils in groups receiving PNGase F or sulfatase only (groups G and H) presented an elevated IOD for TNF-α when compared with the control group (P < 0.05), being higher in group G (P = 0.02). The comparison of groups E (desulfated toxin) and G (sulfatase) shows that the neutrophils in the latter have a higher IOD for TNF-α (P < 0.05). However, the neutrophils in the group H (inoculated with PNGase F) presented a lower IOD for TNF-α when compared with group C (PNGase F deglycosylated toxin) (P < 0.05).
The IOD determinations for detection of H. metabus toxin and TNF-α expression were significantly higher in the group treated with N-glycans (group D, Figure 8B ) compared with any other group. Since the activation of neutrophils and other cells of the innate immune system is antigen dependent, this finding shows that the sulfated N-glycans are immunologically relevant, and of great importance for the triggering the inflammatory response. Thus, the elevation of cellularity levels observed in the treated groups may be considered a consequence of the neutrophil stimulation caused by the sulfated N-glycans. In this regard, the sulfate-linked N-glycans play a double role by serving as the principal antigens for polyclonal IgG production, and also as a potent agonist in the rapid toll-like receptor (TLR)-mediated innate inflammatory response in neutrophils and mononuclear cells as evidenced by the elevated TNF-α levels seen in parallel to the toxin binding (Grivennikov et al. 2005) .
The IOD determinations for toxin binding and TNF-α expression in leukocytes showed that the deglycosylation or desulfatation of the toxin did not completely abolish the immunological response, leaving a statistically significant residual response compared with the negative control group ( Figure 8B , P < 0.05). Since the existence of TLR-like receptors for O-glycans in the neutrophils and macrophages have been demonstrated (West et al. 2006; Lee et al. 2014) , we addressed ourselves to question whether O-linked glycans are present in the H. metabus toxin. For this purpose tissue sections from animals inoculated with the toxin were subjected to enzymatic and chemical pretreatments in order to estimate the contribution of sulfated N-glycans and O-linked antigens in the IOD response as detected by the antibody against the H. metabus toxin.
The reduction of the IOD determinations after enzymatic and chemical treatments of the auricle sections of animals inoculated with the native H. metabus toxin in the treated groups compared with control are shown in Figure 9 .
After releasing all glycans (N-and O-) by metaperiodate treatment (T1), the IODs were reduced to the level of control group (C) without any statistically significant differences (P > 0.05). The IODs for auricle sections treated with either chemical or enzymatic desulfation (T2 and Fig. 9 . IOD determined in tissue previously inoculated with H. metabus toxin after chemical and enzymatic treatments. C: Control tissue from animals not exposed to toxin. T0: Tissue exposed to toxin but without further treatment. T1: Toxin-exposed tissue treated with meta-periodate. T2: Idem treated with acid hydrolysis for elimination of sulfate. T3: Idem treated with H. pomatia sulfatase. T4: Idem treated with PNGase F. T5: Idem subjected to alkaline β-elimination in order to remove O-linked glycans.
T3) or PNGase F deglycosylation (T4) presented no statistically significant difference compared with each other (P < 0.05). On the other hand, they were not reduced to reach the level of the negative control group leaving a difference of ∼11%. These experiments indicate that the treatments did not completely eliminate the binding of antibodies to toxin, showing that the deglycosylated and/or desulfated toxin may still contain other groups (in addition to the N-glycans) capable of activating the leukocytes and elicit an immunological response. The β elimination of O-glycans in the auricle sections (T5) caused a statistically significant reduction of the IOD (P < 0.05) compared with the non-treated group (T0) and was significantly different from the control group (P < 0.05) (C in Figure 9) .
The relative contribution of each molecular type to the total IOD and the antigenicity of the toxin in the non-treated group (T0) shows that the total of all carbohydrates correspond to 80% of the IOD, 82.6% of which corresponds to sulfated N-glycans, 16% corresponds to O-linked antigens and 1.4% to other molecular patterns present in the native toxin and also to intrinsic IOD autofluorescence.
These results are pointing towards three important aspects:
(1) The vaso-degenerative and hemorrhagic effects are not dependent on the presence of N-glycans, disulfide bonding or intramolecular disulfide bridges. (2) Deglycosylation, desulfation or reduction and S-alkylation does not abolish these effects. (3) Sulfate-linked groups play a key role in the activation of leukocytes.
If sulfate has this important role in the activation process it would suggest that the toxin deglycosylated with PNGase F still has other sulfate groups in its structure able to activate leukocytes (beside the ones linked to N-glycans), either through sulfated O-glycans (not studied in the present work). These results demand a deeper mapping of all post-translational modifications and complete sequence coverage of this toxin by mass spectrometry as a first step to fully understand its interaction with leukocytes in triggering the inflammatory response.
Conclusions
The N-glycans present in the S1A subfamily serine protease isolated from the abdominal setae of the adult females H. metabus is a mixture of neutral and sulfated truncated biantennary structures lacking galactose, predominantly α(1-6)-mono fucosylated at the proximal GlcNAc. The structures of neutral N-glycans seem to be irrelevant for the immune system. α(1-3)-Fucosylation at the proximal GlcNAc was not detected, therefore, the adverse effects observed in humans affected by H. metabus setae have no association with this unusual and highly immunogenic glycosylation pattern. ESI-MS/MS analysis revealed that in the anionic N-glycans a sulfate group is linked to α (1-6) mannose of the core at position 4 or 6 as possible attachment sites.
The implementation of an animal model of lepidopterism in Cavia porcellus showed that the sulfated N-glycans and the protein part of this toxic vaso-degenerative and proinflamatory glycoprotein have different effects. The histological analysis revealed that some of the adverse effects observed at the inoculation site, i.e. edema and hemorrhage, were caused by the proteolytic activity. On the other hand, the pro-inflammatory activity was mediated mostly by the sulfate groups linked to N-glycans, as demonstrated by the synthesis of TNF-α in neutrophils in response to the challenge with free N-glycans. These pro-inflammatory properties were considerably reduced when the toxin was either desulfated or deglycosylated. Reduction and S-alkylation had no impact on the pro-inflammatory properties.
The presence of sulfated N-glycans with pro-inflammatory properties in the protease isolated from the venom of H. metabus, deserve a deeper and a more systematic study and it will be at the aim of future studies.
Materials and methods

Protein extracts
The urticating setae from ∼100 H. metabus egg-nests were dissolved by stirring for 48 h in 50 mL 50 mM Tris-HCl, pH 9.0, containing 0.5 M NaCl (extraction buffer). The solution was centrifuged at 5000 rpm for 45 min and the supernatant was subjected to fractionated ammonium sulfate precipitation at 35 and 60% saturation. The pellet from the 60% cut was dissolved in a small volume of extraction buffer, centrifuged at 20,000 rpm for 10 min, dialyzed against extraction buffer and concentrated 10-fold by ultrafiltration (Amicon 800, Millipore). This fraction was analyzed by SDS-PAGE in a 12% gel under reducing conditions and stained with Coomassie blue R-250 (Sigma-Aldrich, St Louis, MO). The proteolytic activity was determined by using the chromogenic peptide substrate S-2288 (H-D-Ile-Pro-Arg-pNA.2HCl) from Chromogenix AB, (Mölndal, Sweden) following the procedure described by Lundberg et al. (2007) .
In-gel protein digestion
The Coomassie blue-stained bands were excised from SDS-PAGE gels, washed with Milli-Q water (Millipore) for 5 min and incubated at 37°C with 50% acetonitrile (Sigma-Aldrich) in 1% ammonium bicarbonate (pH 8.3) until they became colorless. The gel bands were additionally divided into small cubes, dried in a Speed-Vac vacuum concentrator (Thermo Scientific SAVANT, Pittsburgh, PA) and rehydrated in 25 mM ammonium bicarbonate buffer containing sequencing grade trypsin (Promega, Fitchburg, WI) at 12.5 ng/μL. The in-gel digestion proceeded overnight at 37°C. The resultant proteolytic peptides were eluted in 30 μL of ammonium bicarbonate at room temperature (30 min) and absorbed onto C 18 ZipTips (Millipore) previously equilibrated in 0.1% trifluoroacetic acid (TFA) solution. ZipTips were washed with formic acid solution (5%, v/v), and the peptides were eluted in 3.0 µL of 60% acetonitrile, 0.1% formic acid. The eluate was loaded into gold-coated borosilicate nanotips (Waters, Manchester, UK) for protein identification by mass spectrometry.
Cross-species protein identification
Low-energy ESI-mass spectrometry (MS) and MS/MS spectra were acquired using a quadrupole time-of-flight-2™ from Waters equipped with a Z-spray nanoflow electrospray ion source. Background signals and autoproteolytic peptides were excluded for further analysis. The signals corresponding to tryptic peptides were analyzed by ESI-MS/ MS using appropriate collision energies (from 18 to 45 eV) to obtain informative MS/MS spectra. The resultant mass spectra were interpreted manually to obtain partial or complete sequences. Other measuring conditions and data processing were the same as reported previously (Marrero et al. 2004) .
The sequenced peptides were aligned by using a non-redundant sequence database (nrdb95, http://genetics.bwh.harvard.edu/msblast/) and the MSBLAST program (Shevchenko et al. 2001) . Cross-species protein identifications were considered as correct when the alignment scores were statistically significant and phylogenetically related organisms (insects) were well represented among the best ranked sequences.
The homologous proteases identified by MSBLAST were further classified according to their families by using the blast server available at the MEROPS website (http://merops.sanger.ac.uk/cgi-bin/blast/ submitblast/merops/advanced).
In-gel deglycosylation with PNGase A and F For deglycosylation with PNGase A (Roche Diagnostics, Burgess Hill, UK), the glycoprotein was first digested overnight in-gel with sequencing grade trypsin, following the procedure outlined in the in-gel protein digestion section. The mixture of peptides/glycopeptides desalted by using the ZipTips was dissolved in 50 mM, pH 5.0, sodium acetate buffer and treated with 500 U of PNGase A, at 37°C for 24 h. In-gel deglycosylation with PNGase F (New England Biolabs, Hertfordshire, UK) was performed according to Royle et al. (2006) . Released N-glycans in both deglycosylation procedures were purified by using a GlycoClean H cartridge (Glyko, San Leandro, CA, USA) according to the manufacturer's instructions.
Identification of N-glycosylation sites
The upper-band resolved by SDS-PAGE was destained and dehydrated following the same protocol used for in-gel digestions, and then hydrated in 50 mM sodium phosphate buffer, pH 5.5, prepared with 40% H 2 18 O (v/v) containing 5 mU of PNGase F. The band was incubated overnight at 37°C, dehydrated with pure acetonitrile, and dried in a Speed-Vac™ vacuum centrifuge. The deglycosylated and 18 O-labeled protein was then in-gel digested with LEP (Wako Pure Chemical Industries, Osaka, Japan) at a concentration of 12.5 ng/mL in 25 mM NH 4 HCO 3 buffer, pH 8.3, prepared with Milli-Q water, following the in-gel digestion protocol described in this manuscript. LEP peptides were eluted from the gel in 30 μL of Milli-Q water, desalted by using ZipTips as described previously, and analyzed by ESI-MS. The peptides exhibiting the isotopic distribution typical of partial 18 O-labeling were further analyzed by ESI-MS/MS.
Fluorescent labeling of N-glycans with 2-AB N-Glycans released by PNGase A and F treatment were dried and labeled with 2-aminobenzamide (2-AB) according to Bigge et al. (1995) . Briefly, the glycans (3 nmol at most) were dissolved in 5 µL of a 0.35 M 2-AB solution in dimethyl sulfoxide-acetic acid 30% (v/ v), containing 1 M sodium cyanoborohydride. The reaction proceeded at 65°C for 2 h and the 2-AB-labeled N-glycans were then separated from excess reagent by ascending paper chromatography (Whatmann 3MM, Sigma-Aldrich) using pure acetonitrile as the mobile phase in a glass vessel at room temperature for 1 h. After the chromatography, the paper was dried and the application point was excised and immersed in 500 μL of Milli-Q water for 10 min. This procedure was repeated three times and the combined solution containing the desalted 2-AB N-glycans was filtered through a 0.45 μm PTFE syringe filter (Millipore) and dried in a Speed-Vac vacuum centrifuge.
Normal phase high-performance liquid chromatography NP-HPLC of 2-AB-labeled N-glycans was performed using a TSK-Gel Amide-80 column (4.6 × 250 mm, Tosoh Biosep, Tokyo, Japan) on a separation module (Shimadzu, Kyoto, Japan) equipped with a fluorescence detector. Solvent A was 50 mM ammonium formate ( pH 4.4); solvent B was pure acetonitrile. The 2-AB-labeled N-glycans were injected in 80% acetonitrile and separated using a linear gradient of 20-53% of A over 132 min at a flow rate of 0.4 mL/min. Fluorescence detection was performed by using excitation and emission wavelengths of 330 and 420 nm, respectively. Retention times, expressed as glucose units (GUs) according to Guile et al. (1996) , were used for structural assignments using the reference GU values reported in GlycoBase (https://glycobase.nibrt.ie/). The GU values of the sulfated 2-AB N-glycans isolated from the upper-band of H. metabus have been included in glycobase with the following entry numbers 27955, 27956 and 27957 (Campbell et al. 2008 ).
Weak anion-Exchange HPLC
The 2-AB-labeled oligosaccharides were resolved in a BioSep-DEAE-PEI weak anion exchange column (75 × 7.8 mm, Phenomenex, Torrance, CA). A linear gradient was generated by mixing the buffers A [0.5 M ammonium formate ( pH 9.0) and B (10% (v/v) methanol in water] from 0 to 100% over 40 min at a constant flow rate of 1 mL/min. The excitation and emission wavelengths were 330 and 420 nm, respectively (Guile et al. 1994 ).
Alkaline phosphatase digestion
The 2-AB-labelled N-glycans were digested with CIP (Promega, Madison, WI) in 50 mM Tris-HCl, pH 9.3, 1 mM MgCl 2 , 0.1 mM ZnCl 2 and 1 mM spermidine at 37°C overnight. The enzyme was removed by centrifugation through a 10 kDa molecular weight cut-off filter (Millipore) and the filtrate was dried and analyzed by WAX-HPLC. A positive control of the reaction included a phosphorylated N-glycan (GU = 6.69) isolated from recombinant human erythropoietin (EPO), obtained in Chinese hamster ovary (CHO) cells (CHO/dhfr − , ATCC No. CRL-9096) (Moya et al. 2003) at the Center for Genetic Engineering and Biotechnology (Havana, Cuba). The protein was deglycosylated in solution with PNGase F and the N-glycans were derivatized with 2-AB and fractionated by WAX chromatography using the conditions described in the Weak anion Exchange HPLC section. The mono-charged fraction was further fractionated by NP-HPLC using the same gradient that was used to separate the 2-AB derivatives from H. metabus.
Methanolysis
The 2-AB-labelled N-glycans obtained from the upper-band and the product of the tandem exoglycosidase digestion (after treatment with mannosidase) were treated with 150 μL of anhydrous methanol containing 50 mM HCl at 37°C for 3 h (Murakami et al. 2007 ). The reaction mixture was concentrated to dryness, and the products were re-dissolved in 100 μL anhydrous methanol and re-evaporated before WAX chromatography, NP-HPLC and matrix-assisted laser desorption/ionization (MALDI)-MS analysis.
Permethylation analysis to differentiate neutral, phosphorylated and sulfated N-glycans
The lyophilized N-glycans released by PNGase F were permethylated using the procedure described by Yu et al. (2009) . For this purpose, they were suspended in 200 µL dimethylsulfoxide/NaOH; 100 µL iodomethane were added and the mixture was left for 1 h at room temperature. The reaction was stopped by adding 200 µL of ice cold water and quenched with 300 µL of 30% acetic acid. The permethylated N-glycans were fractionated on a C-18 SepPak Plus unit (Waters, Milford, MA) by employing a stepwise elution with 25 and 75% acetonitrile/water, and lyophilized before MALDI-MS and MS/MS analysis.
Tandem exoglycosidase digestion
The 2-AB-labelled N-glycans were digested sequentially with the following exoglycosidases (Glyko, San Leandro, CA) in 20 μL of a 50 mM, pH 5.5, sodium acetate buffer for 18 h at 37°C. The enzymes added were:
(i) Arthrobacter urefaciens sialidase (ABS; EC 3.2.1.18, specific for sialic acid α(2-3,6 > 8,9), 0.25 U/mL; (ii) BKF (EC 3.2.1.51, specific for α1-6 > 2,3,4 linked fucose), 0.5 U/mL; (iii) Bovine testis β-galactosidase (BTG; EC 3.2.1.108, specific for non-reducing terminal β(1-3) and β(1-4) linked galactose), 0.25 U/mL; (iv) Jack bean β-N-acetylhexosaminidase (JBH, EC 3.2.1.30, specific for β1-2/3/4/ 6-linked N-acetylglucosamine and N-acetylgalactosamine), 0.25 U/mL; and (v) JBM (EC 3.2.1.24, specific for α1-2,3 > 6 linked mannose), 7.5 U/mL.
After incubation, the enzymes were removed by filtration through a protein-binding nitrocellulose membrane (Pro-Spin 45 μm CN filters, Radley and Co., Saffron Walden, UK), and the filtrate was analyzed after each incubation by NP-HPLC, MALDI-MS and MS/MS. At the last stage of tandem exoglycosidase digestion, the sulfate group was released by methanolysis (Murakami et al. 2007) , and the product was lyophilized, re-digested with mannosidase and analyzed by NP-HPLC.
MALDI-MS analysis
The lyophilized 2-AB-labeled N-glycans were re-dissolved in 10 µL of Milli-Q water and 1 µL of this solution was mixed on the MALDI plate with 1 µL of a saturated matrix solution of DHB from Bruker Daltonics (Bremen, Germany) dissolved in pure acetonitrile. After drying, 0.1 µL of absolute ethanol (Sigma-Aldrich) was placed on each spot to obtain a more homogeneous surface. The lyophilized permethylated N-glycans were suspended in 10 µL of 50% methanol/ water and 1 µL of this solution was mixed on the sample plate with 1 µL of 5 mM sodium acetate and 2 µL of DHB (LaserBiolabs, Munich, Germany) matrix solution (10 mg/mL 50:50 methanol/water). The linear negative and the positive-ion reflectron mass spectra were acquired on an Autoflex III Smartbeam MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). The mass spectra measured for negative and positive ion modes employed a detector gain of 2.78 × 3 and 4.7 × 5.3 kV, respectively. Laser power was usually 50-70% and the number of laser shots >4000.
ESI-MS/MS analysis of N-glycans
Aqueous samples (1 μL) of the N-glycans were cleaned with a Nafion membrane (Börnsen et al. 1995) and infused with thin-wall nanospray capillaries (Waters) into a Synapt G2Si travelling-wave ion mobility mass spectrometer (Waters MS-Technologies) fitted with an ESI ion source. Instrumental conditions were: ESI capillary voltage, 1.0 kV; cone voltage, 120 V; ion source temperature, 100°C; ion mobility gas, nitrogen; T-wave velocity, 450 m/s; T-wave peak height 40 V. CID spectra were obtained after mobility separation in the transfer cell with argon as the collision gas. The instrument was externally mass-calibrated with glycans from dextran obtained from Leuconostoc mesenteroides (Sigma, Poole, UK). Data acquisition and processing were carried out using the Waters DriftScope (version 2.8) software and MassLynx TM (version 4.1, Waters). The five MS/MS spectra of the sulfated 2-AB N-glycans have been included in UniCarbDB database (Hayes et al. 2011) Modification of free N-glycans with TMT0 reagent N-Glycans released by PNGase F treatment were re-suspended in 50 µL of 20 mM triethylammonium bicarbonate buffer (TEAB) and acidified by adding 60 µL of acetic acid 0.1%. The N-glycans were purified by solid-phase extraction onto a 10 mg Oasis HLB cartridge (Waters, Milford, MA) by collecting the sample flow-through in aqueous conditions. The solution was then vacuum dried and re-suspended in 0.2 mg of tandem mass tag (TMT0) aminoxi reagent (Thermo Scientific) dissolved in 200 µL of methanol/water/acetic acid (95/5/0.1) buffer. The solution was vortexed for 15 min, sonicated for 10 min and then vacuum dried. The sample was then re-suspended in 100 µL acetone/water (10/90), vortexed for 10 min and sonicated for 2 min to quench all unreacted TMT0. The sample was once more vacuum dried and finally re-suspended in 66 µL methanol/ water (50/50) for a solid-phase extraction clean-up onto a mixed mode Oasis HLB cartridge, performed in hydrophilic interaction chromatography mode. The N-glycans were finally eluted in 50% acetonitrile, vacuum dried and kept at −20°C until analyzed.
High-resolution accurate mass measurement
The liquid chromatography (LC)-MS system consisted of a Proxeon NLC-II chromatographic system coupled to a Q-Exactive Plus hybrid quadrupole Orbitrap mass spectrometer (Thermo Scientific) equipped with a Nanoflex electrospray source mounted with a stainless steel metal emitter. The LC system was operated with a binary gradient with mobile phases A (water, formic acid 0.1%) and B (acetonitrile, formic acid 0.1%). In all cases, the sample was re-suspended in 10 µL of water and 1 µL of the resultant solution was injected onto a Hypercarb porous graphite column (75 µm ID, 100 mm, 5 µm, Thermo Scientific) and eluted at a flow rate of 500 nL/min by a linear gradient from 0 to 60% B in 30 min. The MS acquisition was performed in MS1 only at a resolving power of 280,000 at the nominal m/z 200. The mass spectrometer was externally calibrated just before measurement, and the calibration offset was internally re-adjusted for each spectrum using the masses of protonated polysiloxanes [C 2 H 6-SiO] 5 (m/z = 371.1012) and [C 2 H 6 SiO] 6 (m/z = 445.1200).
Histopathological studies
Polyclonal rabbit anti H. metabus toxin antibody New Zeeland white rabbits weighing between 2.5 and 3.5 kg were immunized with purified H. metabus toxin emulsified with complete Freund's adjuvant, using 20 µg of toxin per mL of adjuvant. Thus, 500 µL of toxin emulsion was applied intradermically on the dorsal part of the rabbit essentially as described (Vaitukaitis et al. 1971) . Three consecutive weekly inoculations using toxin emulsified in the incomplete Freund's adjuvant were applied followed by verification of the antibody titer by the Ouchterlony double diffusion method. Polyclonal rabbit IgG was purified from the rabbit sera by DEAE Sepharose chromatography as described (Page and Thorpe 2002) and evaluated by PAGE electrophoresis and western blot.
Deglycosylated toxin and free N-glycans
One hundred micrograms of the toxin were dissolved in 100 µL of 50 mM sodium phosphate buffer ( pH 5.5) containing 10 U of PNGase F and incubated overnight at 37°C. Samples were cooled down to room temperature and three volumes of cold absolute ethanol (−20°C) were added and incubated at −20°C for 1 h. Samples were centrifuged at 10,000 rpm for 10 min and the supernatant was collected. The precipitate was washed once more with 250 μL of 70% ethanol (v/v) at 4°C, centrifuged at 10,000 rpm and dissolved in 100 μL of phosphate-buffered saline (PBS). The supernatants were pooled, dried in Speed Vacuum centrifuge, dissolved in 100 μL of water and the free N-glycans were purified by using the GlycoClean H cartridge (Glyko, San Leandro, CA, USA) following the manufacturer's instructions. Finally, the pool of N-glycans were eluted in 4 × 0.5 mL Milli-Q water, dried in a Speed-Vac™ vacuum concentrator and dissolved in 100 μL of PBS.
Desulfated toxin
One-hundred micrograms of toxin were dissolved in 40 µL of a 50 mM sodium acetate buffer ( pH 5.5) containing 1.44 units of H. pomatia sulfatase (Sigma-Aldrich) and incubated at 37°C for 40 h. The desulfated glycoprotein was recovered by precipitation with ethanol through the same procedure used to obtain the deglycosylated toxin and dissolved in 100 μL of PBS.
Reduced and S-alkylated toxin
One-hundred micrograms of the toxin were dissolved in 100 µL of 100 mM of ammonium bicarbonate buffer ( pH 8.0) containing 10 mM of dithiothreitol and incubated at 37°C for 30 min. The solution was cooled down to room temperature and iodoacetamide was added to a final concentration of 20 mM. The reaction was left to proceed for 1 h at room temperature in the dark and the reduced and S-alkylated toxin was precipitated with ethanol using the same procedure that allowed the recovery of the deglycosylated toxin and and it was finally dissolved in 100 μL of PBS.
Design of animal study
The histopathological alterations caused by the toxin and its derivatives were studied by means of subcutaneous injection of 25 µg of the respective substance into the dorsal part of the auricle of Cavia porcellus (Dunkin Hartley albino guinea pigs, strain 051, source: local breeding facility of the Venezuelan Institute for Scientific Research). Each experimental group consisted of three healthy male and female guinea pigs weighing between 300 and 350 g. After 4 h following the injection, the animals were sacrificed and the auricles removed and fixed in 4% formaldehyde. After fixation, tissues were embedded in paraffin and cut into 5-µm thick sections with a microtome, stained with hematoxylin-eosin and observed in a microscope. Digitalized images of specimens were made and further analyzed as described below. The experimental groups were as follows: 
Morphometric methods
For image analysis, the ImageJ software (version 1.46r) was used (Abramoff et al. 2004) . Random samples were obtained by analyzing five well-stained sections of each specimen. The cellularity of the auricles was calculated as the area percentage occupied by nuclei.
Immunohistochemistry
Immunofluorescence studies were performed in order to examine the binding of toxin in auricles. The expression of TNF-α was also evaluated by this method. For detection of toxin and TNF-α in tissue preparations, polyclonal antibodies against H. metabus toxin (rabbit anti-Hylesia toxin polyclonal IgG) and mouse anti-TNFα (R&D Systems, FY510) at a dilution of 1:500 and 1:1000, respectively, were used. Bound antibodies were detected with goat polyclonal anti-rabbit IgG coupled with Texas Red™ and donkey polyclonal anti-mouse IgG coupled with fluorescein isothiocyanate (both from Santa Cruz Biotechnology). Control sections were incubated with secondary antibody only. The nuclei were stained with 4′,6-diamidino-2-phenylindole, and the sections mounted with a medium containing 1,4-diazobicyclo-[2,2,2]-octane (Carter et al. 1998 ). For the G and H groups, only the immunodetection for TNF-α was performed.
Measurements of integrated optical density
Measurements of fluorescence intensity, which is proportional to antigen quantity, was carried out on 100 selected cells identified as neutrophils and calculated and expressed as the IOD (Iwamoto and Allen 2004; Ahn and Basbaum 2006) .
Enzymatic and chemical treatments of auricle sections before immunohistochemistry analysis
The effects of various pretreatments of the auricle sections of animals before immunohistochemistry using anti-Hylesia toxin polyclonal antibody were investigated.
The pretreatments were as follow:
T0 (no pretreatment). T1 (meta periodate): auricle sections were treated with 50 mM sodium meta-periodate in 50 mM ( pH 4.5) sodium acetate during 15 min (Bara et al. 1992; Marinia et al. 2011) , washed with the same buffer, and the reactive groups were blocked with 1%, w/v, glycine in 50 mM ( pH 4.5) sodium acetate for 30 min (Moragues et al. 2003) . T2 (chemical desulfation): The sections were treated with 150 mM HCl in anhydrous methanol at 60°C for 5 h, followed by neutralization with diluted 0.5% (w/v) NaOH in 70% ethanol for 15 min at room temperature (Marinia et al. 2011 ). T3 (enzymatic desulfation): Enzymatic desulfation with H. pomatia sulfatase was performed by incubating the sections with 36 U/mL in 50 mM, pH 3.5, acetate buffer containing 3% BSA for 2 days at 37°C in a humid chamber. T4 (enzymatic N-deglycosylation): The tissue sections were treated with 6 U/mL of PNGase F diluted in 0.1 M Tris-HCl 150 mM NaCl, 2.5 mM EDTA, pH 9 (buffer A), for 3 days at 37°C in a humid chamber, a control section incubated with the buffer A under the same conditions was used (Alonso et al. 2003; Mastrodonato et al. 2009 ). T5 (β elimination): for removal of O-glycans by β-elimination, the paraffin sections were treated with 0.5 N NaOH in 70% ethanol at 4°C for 7 days in a humid chamber (Ono et al. 1983; Madrid et al. 2000; Alonso et al. 2003) .
All pretreatments (T0-T5) were applied to the control (group A) as well as to the toxin-treated tissue (group B). After each treatment, the sections were washed with PBS, stained by the immunohistochemical methods for detection of H. metabus toxin and finally the fluorescent intensities in neutrophils were determined by the protocol described by Marinia et al. (2011) using a NIKON E600™ epifluoresence microscope equipped with a 60× objective. A semi-quantitative analysis, using the ImageJ image analyzer software version 1.46r (Abramoff et al. 2004 ), was carried out and the data were expressed as the mean ± SD of values obtained from IOD analysis in 100 neutrophils present in five sections for each specimen. The intensity of the emitted light was measured and expressed in arbitrary units standardized from 0 to 256, with 0 representing no labeling and 256 the maximum labeling.
